Essential tremor (ET) is a pathologically heterogeneous neurodegenerative disorder with both motor and increasingly recognized non-motor features. It is debated whether the non-motor manifestations in ET result from widespread neurodegeneration or are merely secondary to impaired motor functions and decreased quality of life due to tremor. It is important to review these features to determine how to best treat the non-motor symptoms of patients and to understand the basic pathophysiology of the disease and develop appropriate pharmacotherapies. In this review, retrospective and prospective clinical studies were critically analyzed to identify possible correlations between the severities of non-motor features and tremor. We speculated that if such a correlation existed, the non-motor features were likely to be secondary to tremor. According to the current literature, the deficits in executive function, attention, concentration, and memory often observed in ET are likely to be a primary manifestation of the disease. It has also been documented that patients with ET often exhibit characteristic personality traits. However, it remains to be determined whether the other non-motor features often seen in ET, such as anxiety, depression, and sleep disturbances are primary or secondary to motor manifestations of ET and subsequent poor quality of life. Finally, there is evidence that patients with ET can also have impaired color vision, disturbances of olfaction, and hearing impairments, though there are few studies in these areas. Further investigations of large cohorts of patients with ET are required to understand the prevalence, nature, and true significance of the non-motor features in ET.
Introduction
Essential tremor (ET) is one of the most common movement disorders in adults and is a classic example of a disorder whose interpretation has shifted from that of a one-dimensional disease with prominent motor features to a multi-dimensional disease, with varied non-motor features. In 2001, Louis et al. 1 and Lombardi et al. 2 were the first to describe ET as more than a motor disorder. In the past decade, various non-motor aspects of ET have been explored using different tools. With the addition of various non-motor aspects to the ET spectrum, it becomes important to understand disease pathophysiology and correlate these characteristics with the clinical findings observed in patients. The basic question related to ET is whether it is a primary motor disease with secondary non-motor features or a neurodegenerative disease that simultaneously affects various neural domains. The purpose of this review is to highlight the various non-motor features in patients with ET and attempt to understand whether it should be considered a pure motor disease with secondary features or a neurodegenerative disease. It is important to characterize these features in order to address the various issues (other than motor symptoms) that these patients suffer, to understand basic ET pathophysiology, and to develop appropriate pharmacotherapies.
articles in patients with ET that evaluated features other than the motor components (tremor, rigidity, bradykinesia, postural instability, imbalance, chorea, dystonia). We applied a broad search strategy including the following terms: (essential tremor AND non-motor), (essential tremor AND cognition), (essential tremor AND non-motor AND depression), (essential tremor AND non-motor AND personality), (essential tremor AND non-motor AND anxiety), (essential tremor AND non-motor AND sleep), (essential tremor AND nonmotor AND hearing), (essential tremor AND non-motor AND olfaction), and (essential tremor AND non-motor AND pain). The reference lists of included publications were also searched. Studies were eligible for inclusion if: 1) ET was evaluated; 2) features other than the motor components (tremor, rigidity, bradykinesia, postural instability, imbalance, chorea, dystonia) were studied; 3) patients were compared with controls; and 4) tremor and non-motor features were rated. The exclusion criteria were: 1) a lack of a control group and 2) a lack of appropriate rating scores.
Results
The PubMed database online search results were as follows. Terms used:
Ten publications from the first search, eight from second, nine from the third, three from the fourth, four from the fifth, five from the sixth, two from the seventh, four from the eighth, and one from the ninth met the inclusion criteria. Some publications from the first search were duplicates of those found during subsequent searches; 36 publications were ultimately included in the analysis.
Question to be answered: primary disease feature versus secondary phenomenon
In order to understand whether non-motor features in ET are a primary or secondary feature of the disease, we need to ascertain facts from various clinical, imaging, and pathological studies as shown in Figure 1 . Retrospective and prospective clinical studies correlating tremor rating scores with non-motor features should be examined to determine if there is a correlation between the two. If there is a significant correlation, it is likely that non-motor features are an epiphenomenon. Studies assessing non-motor features in non-affected members (who do not present with complaints of tremulousness) of patients with a family history of ET should be reviewed to identify differences in the spectrum of non-motor features between patients with tremor and their asymptomatic family members. A similar spectrum of non-motor features between these groups would clarify which features are primarily related to ET. Longitudinal studies highlighting the severity of non-motor features in patients with mild tremulousness or early ET should be reviewed to provide clues into the pathogenesis of non-motor features.
Structural and functional neuroimaging studies have demonstrated network abnormalities and volume changes in ET patients; whether these changes correlate with non-motor features will clarify whether non-motor features in ET are a primary part of the disease or just a secondary phenomenon.
In this review, we highlight the various non-motor features of ET and attempt to understand the primary bases of these features to determine whether non-motor features in ET are a primary or secondary disease event.
Neuropathology
Lines of evidence from various neuroimaging, 3 animal, 4 and clinical studies 5 have highlighted the role of the cerebellum and its connections in the pathogenesis of ET. In 2003, the Essential Tremor Centralized Brain Repository (ETCBR) was established to study ET brains. 6 Postmortem studies from the ETCBR have demonstrated two different types of patients with ET: the first is characterized by degenerative cerebellar changes (cerebellar ET), and the second features brainstem Lewy bodies with a relatively preserved cerebellum (LBVET). 6 These post-mortem studies have highlighted the pathological heterogeneity of ET and its degenerative nature. This heterogeneity may account for the varied motor and non-motor features that are currently being explored. Neuropathological studies in ET indicate that it is a neurodegenerative disorder, and like Parkinson's disease (PD), it includes a varied spectrum of manifestations that may be due to its degenerative process rather than a secondary phenomenon.
Cognition
Background. Tröster et al. 7 were the first to evaluate the short-term effects of unilateral thalamic deep brain stimulation (DBS) on cognition, mood, and quality of life in patients with ET. The authors found that patients in their study improved in tasks of visuoperceptual and constructional ability, visual attention, delayed word list recognition, and prose recall, but lexical verbal fluency declined significantly after surgery. 7 Due to the absence of a control group in this study, definite cognitive involvement could not be established. Lucas et al. 8 described the effects of ''ON'' and ''OFF'' bilateral thalamic DBS on cognitive abilities and mood in an 80-year-old male with ET 3 months after electrode implantation. They reported reductions in verbal fluency and recall in the OFF state compared to when the stimulators were ON. In both of the above studies, there were clinical improvements and better cognitive profiles except for verbal fluency and recall. This provides evidence suggesting that non-motor cognitive involvement in ET is a secondary phenomenon, as improved tremor scores were associated with significant cognitive improvement, except for verbal fluency scores. ET and PD have always been compared due to their phenomenological overlap. Gasparini et al. 9 were first to explore frontal lobe dysfunction in patients with ET. Although their sample size was small (27 patients), their findings indicated that cognitive impairment in ET is similar to that observed in PD. They suggested that ET could represent an oligo-symptomatic cognitive variation of PD. 9 Lombardi et al. 2 published a study of 18 ET patients and reported deficits in verbal fluency, naming, recent memory, working memory, and mental set shifting. They attributed these findings to changes in the frontocerebellar circuits and stated that similar cognitive deficits were observed in patients with cerebellar lesions. Gasparini et al. 9 did not evaluate tremor scores in patients with ET, making it difficult to interpret the primary or secondary involvement of these cognitive features in patients with ET. The authors reported similar cognitive impairment in patients with ET compared to PD, as highlighted by Gasparini et al., 9 which may suggest that cognitive involvement is a fMRI Stroop task and demonstrated that patients with ET must exert additional cognitive effort to achieve comparable performance levels on tests of attention and execution. Below, we review each cognitive domain and elucidate the origins of non-motor symptoms in ET.
Deficits in executive dysfunction
The term ''executive function'' includes cognitive processes and behavioral competencies that include verbal reasoning, problem solving, planning, sequencing, the ability to sustain attention, resistance to interference, utilization of feedback, multitasking, cognitive flexibility, and the ability to deal with novelty. 19 Table 1A highlights the tests used to assess executive functions in various clinical and population-based studies that assessed both patient and control populations. Results of the Wisconsin Card Sorting Test (WCST), Stroop test, and Trail Making Test (TMT) were found to be abnormal in many studies (Table 1A) . Very few studies have correlated tremor severity scores with cognitive abnormalities in patients with ETs. 2, 11, 20, 21 Most studies failed to find any significant correlation between the tremor score (FTM Tremor Rating Scale) and executive dysfunction. 2, 11, 21 Kim et al. 21 performed a prospective study of 47 ET patients and reported a weak association between frontal executive functions and tremor severity scores. Their study was more robust because they accounted for various confounding factors. Recently, Bhalsing et al. 22 performed structural imaging in ET patients with and without cognitive deficits. They reported a significant positive correlation between neuropsychological scores and gray matter volumes in various brain structures but did not find a significant correlation between tremor score and gray matter volume or neuropsychological scores. These clinical and neuroimaging studies support the hypothesis that cognitive abnormalities in ET may be a primary phenomenon related to the disease rather than a secondary effect of the disease processes. Conversely, Sahin et al. 20 assessed 16
young ET patients and reported a significant inverse correlation between WCST scores and tremor scores (Clinical Tremor Rating Score). They also found a significant inverse correlation between cerebral blood flow in the frontal cortices and tremor severity scores. 20 This study may have reached different conclusions due to the small sample size, its use of the Clinical Tremor Rating Scale compared to other studies that used the FTM Tremor Rating Scale, and the younger age of the patients. In an fMRI study, Passamonti et al. 17 reported that the FTM scores were negatively correlated with functional connectivity between the source or seed and ventrolateral prefrontal cortex suggesting executive dysfunction to be a secondary phenomenon due to tremor in ET.
Attention and concentration deficits
Most published literature has highlighted the presence of impaired attention and concentration in patients with ET. 2, 23, 24 Different neuropsychological batteries were performed by various studies, with digit span forward and backward being the most frequently used tests. These test results were abnormal in most studies, 2,23,24 except those reported by Duane et al. 25 and Sahin et al. 20 These differences may be due to the fact that younger patients were included in these studies.
The results of other less commonly used tests, such as the brief test of attention 11 and symbol search test 23 were reported to be abnormal in ET (Table 1B) . Overall, most studies demonstrated attention deficits in ET, with digit span, TMT A, and the brief test of attention consistently showing abnormal tests. 15 None of the studies found a significant correlation between attention and concentration deficits and tremor scores, but large prospective studies are essential to systematically analyze all of these domains. Therefore, the available evidence supports the view that attention deficits may be a primary manifestation of the disease rather than secondary to tremor.
Memory deficits
Most of the studies exploring the non-motor features in ET have evaluated patients for explicit memory and described significant abnormalities. 2, 11, 20 Various neuropsychological tests were employed to test this domain (Table 1C) . Lombardi et al. 2 were the first to report deficits in short-and long-term recall and semantic and series clustering by using the California Verbal Learning Test (CVLT). This observation was later supported by Benito et al. 14 and Tröster et al. 11 On the contrary, Sahin et al. 20 did not find any significant differences in CVLT scores between patients with ET and controls, which again may be attributed to the small, young cohort of ET patients. Again, there were conflicting reports when memory was assessed using a different neuropsychological battery, such as the complete Wechsler Memory Scale (WMS) and its subscales. 15 Higginson et al. 23 assessed a cohort of 18 patients with ET and found significant impairment on the WMS. However, Tröster et al. 11 reported The Center for Digital Research and Scholarship Columbia University Libraries/Information Services significant memory impairment using the CVLT in 101 patients with ET but failed to replicate this finding using the WMS test in the same subjects. This implies that the tools used to assess memory can significantly influence the results. Visual memory was investigated with the Rey-Osterreith Complex (ROF) test in three studies. There were no significant differences between ET patients and controls in two studies, 23, 25 whereas, Kim et al. 24 reported significant impairment in the recognition subscale of the ROF.
Kronenbuerger et al. 26 tested implicit memory in patients with ET using the eye blink reflex, which is a well-established paradigm for assessing motor learning. They reported abnormal implicit memory in patients with ET but did not find a significant correlation between conditioned reflex scores and tremor severity.
Overall, the available evidence suggests that patients with ET have deficits in explicit and working memory, with the most abnormal results on the CVLT. However, none of the studies described any significant correlation between the neuropsychological scores and clinical tremor scores, again suggesting that memory deficits are likely to be a primary phenomenon in ET.
Visuospatial function deficits
There is a dearth of information regarding visuospatial functions in ET. 2, 11, 20 Lombardi et al., 2 Tröster et al., 11 and Sahin et al. 20 used the Benton facial recognition test, Benton line orientation, and the Hooper visual organization test to explore these deficits in patients (Table 1D ).
In addition the latter group 20 also used a block design to further evaluate the patients' deficits. While Lombardi et al. 2 did not find Overall, visuospatial domain impairment still needs to be explored in patients with ET to determine whether it is a primary or secondary non-motor feature of ET.
Personality
The hypothesis that ET is more than a motor disorder has become established in recent years, with many series highlighting cognitive changes in patients. Personality changes have been reported as a prominent non-motor feature in several other neurodegenerative disorders, including Huntington's disease and PD. 27 Therefore, the possibility that personality changes occur in patients with ET needs to be explored. Chatterjee et al. 27 used the tridimensional personality questionnaire (TPQ) in 55 patients with ET to explore their personality profiles. It was for the first time reported that patients with ET were assessed for harm avoidance (HA). However, HA subscale scores did not correlate with tremor severity or subjective and objective disability scales, suggesting that the personality profile observed may be a primary disorder in ET, as seen in many other neurodegenerative disorders. The above observations were further validated in a subsequent study by Thenganatt et al. 28 in 60 patients using the same TPQ questionnaire. They also did not find any significant difference between the HA sub scores and tremor severity and duration of the tremor. A large study of 105 patients by Lorenz et al. 29 employed the revised version of the Eysenck Personality Questionnaire (EPQ-R) in a German population. The EPQ-R measures three dimensions of personality: extraversion (E), neuroticism (N), and psychoticism (P). 29 They reported a significantly lower score on the P-scale of the EPQ-R, suggesting that ET patients are kinder, more tender-minded, and less aggressive than the normal population. 29 There was no significant correlation between EPQ scores and tremor severity or duration reported by Lorenz et al. 29 All the studies exploring personality profile in ET patients have reported HA personality without correlations with tremor scores or duration ( Table 2 ), suggesting that personality changes may be a primary feature of the disease. Larger follow-up studies are required to characterize ET patient personality to ascertain whether this particular personality profile is a pre-morbid or co-morbid feature of the illness.
Neuropsychiatric manifestations
Anxiety. Tröster et al. 7 studied 40 patients with ET who underwent unilateral thalamic DBS and exhibited reduced anxiety levels (performed by measures of mood state) 3 and 12 months after surgery. 30 This improvement of anxiety post-surgery may have been due to the improvement of the tremor or improving secondary thalamic connections. Louis et al. 1 assessed correlates of functional disability in 37 patients with ET and determined whether psychological factors were associated with functional disability in these patients. They reported that anxiety was associated with greater self-reported disability and with more difficulty on a performance-based test. 1 Their findings were independent of tremor severity. 1 Dogu et al. 31 carried out a door-to-door survey in the Mersey province of Turkey and identified 89 individuals with ET. They compared these cases with healthy controls and found significantly higher anxiety levels in patients with ET compared to controls, and this finding correlated with tremor severity. Tan et al. 32 reported ET patients in the Asian population to be more anxious, and this correlated with tremor severity but not duration. A similar study performed by Chandran et al. 33 in 50 Asian subjects with ET used the Hamilton Anxiety Rating Scale (HARS) and reported higher anxiety scores in patients, but tremor severity scores did not correlate with HARS scores. In summary, the current evidence supports the hypothesis that ET patients are more anxious compared to controls, and anxiety significantly affects their ability to perform daily activities (Table 3) . However, there have been conflicting reports regarding the correlation of anxiety with tremor scores. These conflicting results make it difficult to say whether anxiety is primarily related to ET or if it is a secondary phenomenon.
Depression
Depression is an important non-motor feature in patients with ET and has been extensively studied (Table 4) . Various reports, ranging from small case-control studies 2 to large door-to-door surveys 34 have highlighted that depression is a part of ET. Lombardi et al. 2 were among the first to systematically evaluate depression in 18 patients with ET using the Geriatric Depression Scale (GDS). They found significant depression in patients that did not correlate with tremor severity scores. 2 During the same period, Lacritz et al. 10 performed a small study of 13 patients and reported mild to moderate depression in 4 of the 13 patients using the Beck Depression Inventory (BDI) but did not find a correlation of these findings with the tremor severity score. Dogu et al. 31 and Louis et al. 34 conducted two large door-to-door surveys and reported significant depression in patients with ET. Chandran et al. 33 carried out a survey of 89 patients and reported that
Hamilton Depression Rating Scale (HDRS) scores correlated with the patients' tremor scores, which contradicted the report by Lombardi et al. 2 Louis et al. 35 along with the NEDICES Study Group studied morale in ET patients by applying the Philadelphia Geriatric Center Morale Scale (PGCMS) and reported a significant difference. In their study, PGCMS score and Agitation and Lonely Dissatisfaction subscores were lower in ET patients compared to controls, but PGCMS score did not correlate with the tremor duration or tremor severity scores. 35 According to them, lower morale could in part be a proxy for mild, untreated depression. 35 Li et al. 36 assessed 61 depressed patients with ET and 112 depressed patients without ET with the Montgomery-Asberg Depression Rating Scale (MADRS) and reported distinct characteristics of depression in ET patients. They also found that ET patients had more problems in concentrating; experienced lassitude; and reported less on items such as ''reported sadness,'' ''inability to feel,'' and ''pessimistic thoughts'' compared to patients with depression without ET. 36 Therefore, the existing evidence indicates that anxiety and depression are also important non-motor manifestations of ET. There are conflicting reports on its correlation with tremor severity, thereby keeping the debate open as to whether these mood changes are an integral part of ET or merely a secondary phenomenon.
Sleep
In their autopsy study of 33 patients with ET and 21 controls, Louis et al. 37 highlighted the presence of Lewy bodies in the brainstem, mainly in the locus coeruleus. Among its various functions, locus coeruleus is known to play an active role in sleep regulation. Adler et al. 38 compared the prevalence of rapid-eye movement (REM) sleep behavior disorder (RBD) and excessive daytime sleepiness (EDS) in patients with ET, PD and restless legs syndrome (RLS) with that in control subjects. They failed to find any significant difference in the Epworth Sleepiness Scale (ESS) score between ET patients (mean score of 5.6¡3.7) and controls (with mean score of 5.2¡3.7), whereas there was a significant difference in ESS scores between patients with PD and RLS compared to the controls. 38 Gerbin et al. 39 assessed sleep using ESS and the Pittsburgh Sleep Quality Index (PSQI) in 120 ET cases and 40 PD cases. They found that sleep scores were in between the PD patients and controls, but there no was significant difference in adjusted ESS and PSQI scores between patients with ET and controls. Although Chandran et al. 33 did not find a significant difference in ESS scores in their study of 50 patients with ET and controls; they observed a significant difference in PSQI scores between the two groups. These results were different than the findings reported by Gerbind et al. 39 These differences may be due to the adjusted ESS and PSQI scores used by Gerbind et al., 39 who considered various factors, such as gender, work status, smoking, and caffeine intake, medications with sleep effects, disease duration, and depression. Leon et al. 40 performed a prospective, population-based study of individuals .65 years old and found a significant relation between Evidence from several studies has revealed sleep dysregulation is present in ET similar to that present in PD. 41 However, large followup studies are required to validate these findings.
Color vision
Dopamine localized in the amacrine and interplexiform retinal cells modulates the center-surround antagonism of the receptive visual field. 42 Though patients with PD do not complain of blurring, impaired color vision is a well-documented non-motor feature of PD.
42
A few studies have attempted to determine whether there are color vision abnormalities in ET as seen in patients with PD, due to the overlap of some symptoms between the two diseases. 43, 44 Oh et al. 43 studied 36 patients with ET and reported no significant difference in the total error scores between patients and controls using the Farnsworth-Munsell 100 Hue test. Louis et al. 44 described similar results in 55 patients with ET.
Although there are overlapping features between PD and ET, color vision is an isolated non-motor feature of PD and probably is not affected in patients with ET. However, more prospective studies are needed to validate these findings.
Hyperhidrosis
Hyperhidrosis as a manifestation of ET was initially reported in the early 20 th century and later by Edmund Critchley in 1972. 45 Diamond et al. 46 described a case of hyperhidrosis as a complication of DBS in a patient with ET. However, since these reports, there has been no published literature regarding an association between hyperhidrosis and ET.
Pain
Chandran et al. 33 used the Brief Pain Inventory (BPI) scale and reported increases in pain severity and interference in patients with ET. However, they did not find a correlation between BPI scores and tremor severity score or duration. These findings indicate that pain may be a primary feature of ET, but further evidence from larger studies is needed to provide conclusive evidence.
Olfaction
With growing evidence that ET is a neurodegenerative disorder, neuroscientists have explored olfactory functions in ET because they are altered in other neurodegenerative diseases, such as PD. Louis et al. 47 assessed 37 ET patients and reported significantly low mean University of Pennsylvania Smell Identification Test (UPSIT) scores compared to controls, but these scores did not correlate with tremor severity or duration. The same group of authors further extended their study in 87 ET patients and reported similar low UPSIT scores that also were not correlated with tremor severity. 48 Conversely, Busenbark et al. 49 reported no significant differences in UPSIT scores between 16 ET patients and controls, and Shah et al. 50 failed to find any significant difference in UPSIT scores and olfactory event-related potentials (OERPs) between 59 ET patients and controls. In summary, these contradictory reports are not sufficient to support the conclusion that olfactory dysfunction is a primary non-motor feature in patients with ET.
Hearing
To date, only two large studies have evaluated hearing function in patients with ET, and both suggested that auditory pathways may be affected in ET. Ondo et al. 51 were the first to assess hearing in 250 patients with ET using the Nursing Home Hearing Handicap Index (NHHI). They reported that patients with ET had greater hearing disability compared to controls, and this impairment correlated with tremor severity. In a large population-based case-control study in 248 ET patients, Leon et al. 52 reported a significant hearing impairment in ET patients compared to the large population control. They did not report the patients' tremor severity scores.
Conclusions
ET is a pathologically heterogeneous neurodegenerative disorder with a spectrum of motor and non-motor features. It is debated whether non-motor manifestations in ET result from widespread neurodegeneration or are merely secondary to impaired motor functions and reduced quality of life resulting from tremor. There is literature supporting the hypothesis that ET patients have characteristic personality traits; impairment in several domains of cognition; mood changes (increased anxiety and depression); and altered sleep, color vision, olfaction, and hearing. Several studies have reported that the severity of some of these non-motor features (mainly impaired cognition) is not correlated with tremor duration or severity, thereby indicating that these non-motor features are probably a primary feature in ET.
Longitudinal studies of large cohorts of patients with ET are required to validate the available evidence. Further information is required on the prevalence, evolution, natural history, and prognosis of various non-motor-symptoms in ET; their correlation (if any) with tremor duration and severity; and the effect of tremor treatment (both medical and surgical). Finally, studies assessing impairment in attention and memory and the utility of cholinesterase inhibitors, such as donepezil, galantamine, and rivastigminein, in patients with ET may provide useful information. 53 Since ET can develop at any stage of life and there are no confirmed biomarkers or genetic markers to make a pre-clinical diagnosis, the apparently healthy controls in various studies may not truly represent a cohort who will not develop ET in the future. Pending useful biomarkers for ET, a detailed family history and a meticulous examination for the presence of tremor in the family members of the controls should be considered in future studies.
In addition, most studies are cross sectional. Follow-up studies are essential for determining the new occurrence of non-motor features or progression of existing non-motor features in ET patients, as well as the occurrence of ET in ''healthy'' controls.
Finally, it needs to be determined whether treatment of the motor symptoms (tremor) simultaneously improves the non-motor features, which would indicate that the non-motor features are secondary. It is likely that the patients with ET in these various studies who present to the hospital represent a small proportion of patients in the community. For this reason, more emphasis should be placed on population-based studies.
